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ABSTRACT 
Julie Marie Gaven 
The Effects of High-Frequency Hearing Loss on Speech Perception in People with Aphasia. 
(Under the direction of Katarina Haley) 
 Whereas many studies have investigated hearing loss in non-aphasic elderly 
populations, relatively little is known about the effects of hearing loss on people with aphasia 
(PWA). Due to the exclusion of individuals with hearing loss from the majority of speech 
perception studies, the link between PWA’s hearing ability and their performance on tests of 
speech perception has not been addressed in the literature (despite the fact that many PWA 
also have hearing loss). This pilot study was designed as a four-group comparison to examine 
the influence of hearing loss on the perception of stop consonant place of articulation in 
PWA. Specifically, we were interested in exploring whether perception of place of 
articulation or voice onset time would be more affected by aphasia or the presence of hearing 
loss, and whether the combination of these two conditions would deteriorate participants’ 
performance on a speech discrimination task more than either condition in isolation. 
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Introduction/Rationale 
 Aphasia is an acquired disorder involving an impairment of expressive and/or 
receptive language skills, typically occurring as a result of brain damage in the perisylvian 
region of the left cerebral hemisphere. Though people with aphasia (PWA) are known to 
have language difficulties, it has been well established in the literature that there is no 
connection between their ability to perceive speech and their comprehension of speech 
through the auditory modality. It is also widely known that the presence of even a mild 
hearing loss can dramatically impact an individual’s ability to perceive speech sounds. While 
many studies in the field of audiology have examined the effects of presbycusis (age-related 
high-frequency hearing loss) in non-aphasic elderly populations, the important impact of 
high-frequency hearing loss in PWA has remained largely unexamined. Although hearing 
screenings are a component of participant selection in most studies of speech perception in 
aphasia, few researchers accurately defined what their “within normal limits” criterion for 
hearing was. Due to the exclusion of hearing-impaired individuals from the majority of 
speech perception studies, the link between PWA’s hearing and their performance on tests of 
speech perception has not been adequately addressed.  
 Because the connection between speech perception and hearing loss in PWA has not 
been effectively explored in the literature, this pilot study was designed to examine more 
directly the influence of high-frequency hearing loss on PWA’s speech perception. 
Specifically, we were interested in exploring whether perception of place of articulation or 
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voice onset time would be more affected by aphasia or high frequency hearing loss, and 
whether the combination of these two conditions would deteriorate subjects’ performance on 
a speech discrimination task more than either condition in isolation.
  
 
 
Literature Review 
Relationship Between Speech Perception and Auditory Comprehension in People with 
Aphasia 
 
Luria, one of the first researchers to attribute the comprehension deficit of PWA to a 
selective impairment in phonological perception, argued that language-based difficulties 
grew from a disturbance in ‘complex discriminative hearing’ manifested by an inability to 
distinguish minimal phonological features (1970). He believed that the comprehension 
problems found in aphasia were caused by the “disturbance of auditory analysis and 
synthesis which leads to the loss of phonemic hearing, and, as a secondary result, to the 
disturbance of all functions which are dependent upon this physiological function” (Luria, 
1970).  
For the past several decades, researchers have repeatedly shown that no correlation 
exists in the performance of PWA on comprehension tasks and speech perception tasks. 
Indeed, it has been widely accepted that the ability of PWA to perform labeling and 
discrimination tasks bears little relation to their auditory language comprehension (Basso, 
Casat, & Vignolo, 1977; Blumstein, Baker, & Goodglass, 1977; Blumstein, Cooper, Zurif, & 
Caramazza, 1977; Emmorey, 1987). It seems language comprehension via the auditory 
modality in PWA is largely unaffected by most features of speech perception and speech 
production that researchers have examined in this population.  
For example, the perception and production of voice onset time in PWA was found to 
be partially dissociated from their language comprehension ability (Blumstein et al., 1977). 
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Impaired ability to identify phonemes was also found not to contribute to auditory 
comprehension deficits observed in PWA (Basso, Casat, & Vignolo, 1977). In addition, 
Emmorey (1987) found that production of aspects of intonation and stress in PWA could be 
dissociated from auditory comprehension, although an earlier study demonstrated that 
comprehension mediated by suprasegmental cues was somewhat impaired in Broca’s 
aphasics-indicating a potential phonetic and/or temporal processing deficit (Baum, Daniloff, 
& Daniloff, 1982). Another study by Blumstein, Baker, and Goodglass (1977) found that 
people with Broca’s aphasia generally performed better on phonological discrimination tasks 
than did people with mixed anterior aphasia, but more importantly concluded that the 
phonemic hearing deficits could not account for the comprehension deficit in Wernicke’s 
aphasics.  
Our understanding of the correspondence between phonological processing and 
general comprehension difficulty in PWA remains far from complete. However, there is 
ample evidence that whereas comprehension is often impaired to some degree in many PWA, 
their auditory comprehension abilities are not clearly affected by their speech perception 
abilities. 
Relationship Between Speech Perception and Speech Production 
The motivation for examining the effects of high frequency hearing loss on speech 
production is closely tied to our reasons for exploring the nature of sublexical speech 
perception (discrimination and/or identification of phonetic properties in the speech signal 
without regard for semantic or lexical characteristics) in people with aphasia. The 
examination of speech perception in PWA is intriguing in that it may be related to their 
speech production, and therefore integrated with the perception-production model of speech 
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proposed by Hickock and Poeppel (2004). Hickock and Poeppel posit that the cortical 
processing of spoken language is divided into two broad streams: a ventral stream, which 
maps sound onto meaning via widely distributed conceptual networks, and a dorsal stream, 
which serves as a sensory-motor interface. The dorsal stream’s network especially provides a 
mechanism for the development and maintenance of the relationship between auditory and 
motor representations of speech, representing a close connection between the processes 
involved in speech perception and speech production. This is seen when articulatory gestures 
are planned in auditory space, and then are mapped onto motor representations, and motor 
speech representations in turn are mapped onto auditory speech representations (Hickock & 
Poeppel, 2004).  
The notion of a highly integrated sensory-motor loop may have far-reaching 
implications for PWA, because auditory representations of speech are predicted to play an 
important role in speech production, an especially significant issue for individuals with 
phonemic paraphasia and/or apraxia of speech. The idea that interactive sensory-motor 
processing is central to speech production and can be affected by left hemisphere injury is 
not new. Indeed, Wernicke’s original model (1874/1969) highlighted the reciprocal 
relationship between perception and production feedback loops, each informing the other in 
an interactive way. Since research has so clearly shown that the ability to perform sublexical 
speech tasks is not related to PWA’s ability to comprehend words (Basso, Casati, & Vignolo, 
1977; Blumstein, Cooper, Zurif, & Caramazza, 1977; Miceli, Gainotti, Caltagirone, & 
Masullo, 1980), it is of more interest to consider the potential implications of the perceptual 
ability of PWA on aspects of speech production rather than language comprehension in 
future research.  
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The DIVA (Directions Into Velocities of Articulators) framework is a neural network 
model of speech processing that accounts for a variety of speech phenomena using the two 
primary control mechanisms of feedforward and feedback (Guenther, Ghosh, & Tourville, 
2006; Guenther & Vladusich, 2009; Tourville & Guenther, 2010). This model accounts for 
developmental phenomena by examining the target representations of speech sounds and 
comparing them to the motor production of speech. This process involves a feedback system 
that allows young speakers to adjust and correct the inaccuracies recognized between their 
speech sound representations and the results of their articulatory gestures (Guenther, 1995). 
Although the DIVA model has been primarily applied to developmental speech studies in 
children, it is quite likely that the ongoing interactive relationship between perception and 
production continues in the mature system. This hypothesis has a particular relevance to the 
implications of our present investigation. Given the level of self-monitoring necessary for 
accurate speech production in many PWA, especially those with coexisting dysarthria or 
apraxia of speech, it seems logical that the perception-production interaction remains a 
significant process in adults’ brains. 
 In psychoacoustic experiments with speech and speech-like stimuli, it has been found 
that listeners’ abilities to detect differences along a physical continuum of variation depends 
on their assigning the stimuli to linguistic categories, and stop-vowel syllables are 
distinguished only if they are assigned to different phonemes (Abramson & Lisker, 1967; 
Liberman, Harris, Hoffman, & Griffith, 1957). This phenomenon is known as categorical 
perception. Zones of perceptual ambiguity can be compared with boundaries between ranges 
of acoustic values measured in speech to test the perceptual relevance of variations along 
acoustic dimensions for phonemic distinctions (Lisker & Abramson, 1967).  
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Like for speech perception research in adults without brain injury, researchers have 
tested categorical perception in PWA with a combination of discrimination and identification 
tasks. However, it is difficult to use the identification paradigm with PWA because the purely 
perceptual components are likely to interact with lexical abilities and influence the 
participants’ performance. In an examination of vowel perception in apraxia of speech, Jacks 
and Marquardt found that inconsistent performance on an identification task may have been 
related to individuals’ aphasia profiles (in preparation). Although identification tasks can be a 
useful way of testing different auditory processing abilities in neurologically intact 
populations, speech discrimination is a more robust and reliable way to examine sublexical 
speech perception in PWA, because it is possible to minimize the influence of lexical factors 
on the perceptual task. Even for discrimination tasks, the response task that was used in 
previous work has often not been well suited for PWA. Specific methodologies have required 
subjects to indicate “yes/no” via pointing to cards with words printed on them- or by pushing 
a button labeled “same” or “different” after listening to pairs of stimuli. Avoiding the 
linguistic elements of identifying stimuli and asking PWA to simply discriminate the 
sameness/difference by pointing to a nonlinguistic symbol is less language demanding and 
likely to be a more reliable way to test this population.   
Place Contrasts More Difficult than Voicing Contrasts for People with Aphasia 
Earlier research indicates that PWA may have greater difficulty discriminating place 
of articulation than voicing for prevocalic stop consonants. Blumstein, Baker, and Goodglass 
(1977) tested 25 aphasic patients with a 2-part discrimination task involving pairs of real 
words and nonsense words recorded by a male speaker. Phoneme, syllable, and phoneme-
order discrimination were investigated. Subjects listened to stimulus pairs through 
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headphones. The presentation output was adjusted to 40 dB speech reception threshold in a 
soundproofed room. Participants  indicated if the stimuli were the same or different by 
pressing buttons labeled yes/no. Results indicated that participants with Broca’s aphasia were 
minimally impaired, while individuals with mixed anterior aphasia (defined as nonfluent 
aphasia with impaired auditory language comprehension) performed worse than the 
individuals with Broca’s aphasia on all phonological discriminations. It also was noted that 
participants with Wernicke’s aphasia and unclassified posterior lesions had more difficulty 
discriminating place of articulation than voicing contrasts. A problem with this study’s 
design lay in the mixing of semantic content (real words) with non-linguistic information in 
the discrimination task set of stimuli, because it is difficult to determine how much 
comprehension of the lexical components deteriorated or improved each subject’s 
performance, and how much of their deficit was truly perceptual. 
Miceli, Caltagirone, Gainotti, and Payer-Rigo (1978) analyzed the performance of 36 
PWA, 91 non-aphasic brain damaged subjects, and 42 normal controls on a discrimination 
task involving six CCVC syllables (“prin,” “trin,” “crin,” “brin,” “drin,” and “grin”) arranged 
in 48 pairs. The patients were asked to say whether the two syllables presented in each pair 
were identical or different, and it was found that PWA performed worse than the normal 
controls, having significantly greater difficulty discriminating place than voice contrasts. 
There were, however, several weaknesses in this study’s design. The presentation of 
the stimuli consisted of the examiner reading the pairs of syllables aloud at a conversational 
pace while seated at bedside, and despite taking the greatest care not to modify either 
loudness, pitch of voice, or presentation rate, there was simply no way to ensure that the 
syllable pairs were completely consistent across all subjects. Another concern is once again 
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the mixing of real word and non-word syllables in the set of stimuli, a factor that could have 
impacted the performance of people with aphasia by complicating a purely perceptual 
discrimination task with inconsistent semantic factors varying amongst the syllable pairs.  
Baker, Blumstein, and Goodglass (1981) found that PWA made more errors in 
correctly detecting stimuli that were different than stimuli that were the same. This trend 
showed more errors with place distinctions than voice distinctions (that is, the PWA made 
more place errors than voicing errors). In this study, eight subjects with Broca’s aphasia 
performed better than individuals Wernicke’s aphasia overall throughout a series of three 
experiments with progressing semantic involvement. The eight subjects with Wernicke’s 
aphasia were found to have “markedly inferior” performance to the individuals with Broca’s 
aphasia on the same-different judgments of phonemic contrasts, and showed increased 
processing time for auditory tasks. Because these authors were examining the interaction 
between phonological and semantic factors in auditory comprehension, they did not isolate 
their discrimination task from linguistically meaningful stimuli. The stimuli themselves were 
single-syllable names of picturable objects, recorded in a sound-proofed room and edited 
using a computer editing system to equate the peak amplitude of all vowels. The subjects 
were required to press a panel marked “yes” if both stimuli had been perceived as identical, 
and a panel marked “no” if the stimuli were perceived as different. Once again, the linguistic 
requirements become an issue in clarifying how much of the subjects’ performance on the 
discrimination task was representative of their perceptual abilities, and how much their 
deficits may have been affected by lexical processing. 
A later study by Blumstein, Tartter, Nigro, and Statlender (1984) demonstrated that 
the discrimination ability of PWA was independent of their labeling ability, regardless of 
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diagnostic category. Two groups of normal control speakers and PWA were tested with 
synthetic speech continua ([ba, da, ga] for experiment 1, and [da, ga] for experiment 2) in a 
“moderately quiet” room. The participants  listened to stimulus pairs of both speech and 
nonspeech syllables through headphones set at a “comfortable listening level,” and were 
required to point to the appropriate card labeled ‘yes/no’ to indicate if pair members were 
identical or not for the discrimination tasks, or to cards labeled ‘B/D/G’ for the labeling 
tasks. The presence of additional acoustic cues enhancing either labeling or discrimination 
ability was manipulated for the investigation (presence of a burst was found to enhance the 
quality of the stimuli for PWA). General difficulty was observed in perceiving place of 
articulation for the PWA but, notably, the discrimination function of PWA was found to be 
similar to that of the control speakers even in the context of failure to label the stimuli 
reliably. It should be noted that all stimuli in this study were voiced prevocalic stop 
consonants, and the stimuli used did not include any voiceless consonants. The control 
subjects demonstrated nearly perfect accuracy on the discrimination experiment. 
This conclusion contrasts with Baker et al’s (1981) data, which implied an impaired 
discrimination function in PWA, although their groups of aphasic subjects were not 
compared to normal controls. Such a difference may be attributable to the difference in 
stimuli used: single syllable names of picturable objects may have highlighted the lexical 
confusion PWA experience in the 1981 study, as opposed to the non-linguistic set of 
synthetic speech continua used in 1984. Another potentially confounding factor in the latter 
study was its lack of consistent amplitude for the stimuli presentation due to the variability of 
different listener’s comfortable listening levels. Because all listeners were allowed to adjust 
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the volume, it is difficult to definitively conclude that the group comparisons were accurate 
when there was no consistency in the presentation level of the stimuli.  
All studies discussed above agreed that there was no direct relationship between 
auditory language comprehension and the ability to perceive phonetic dimensions of speech 
in PWA. It was hypothesized that the difficulty in perceiving place of articulation likely “lies 
in the transient nature of the acoustic properties for the phonetic dimension, as the relevant 
spectral properties must be extracted within the first 30-odd milliseconds of the stimulus” 
(Blumstein et al., 1984, p148-149).  
Similar to Blumstein’s study of PWA, it has been suggested that non-aphasic 
individuals with sensorineural hearing impairment also have greater problems in categorizing 
spectral shape, particularly with degraded listening conditions (Hedrick & Nabelek, 2004). 
Another study in adult listeners without either brain damage or hearing loss demonstrated 
that relatively large stimulus differences are required for discrimination of spectral shape 
among speech sounds (Farrar et al, 1987). In contrast, it has been shown that normal listeners 
exhibit fairly good acuity for speech sounds differing in voice onset time, which allows them 
to have relatively better peripheral encoding of voicing differences in prevocalic stops 
(Sinex, McDonald, & Mott, 1991). An important distinction between voicing and place of 
articulation contrasts is that critical acoustic information is located at higher frequency 
regions for the latter. Regardless of whether a person has aphasia, is known to that perception 
of place of articulation is more difficult to discriminate than perception of voicing (Farrar et 
al., 1987; Sinex, McDonald, & Mott, 1991), and hearing impaired listeners in particular have 
more problems categorizing spectral shape than listeners with normal hearing  (Hedrick & 
Nabelek, 2004). 
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Hearing Loss and Speech Perception in Aging, Non-Brain Damaged Adults 
Over the course of a lifespan, hearing thresholds and temporal processing are known 
to decline in middle aged and older adults, with cognition status and age being the most 
significant predictors of performance overall (Humes, Kewley-Port, Fogerty, & Kinney, 
2010). Bilateral high frequency sensorineural hearing loss, or presbycusis, is especially 
common amongst the elderly, and even mild presbycusis affecting the higher frequencies can 
hinder a person’s communication abilities by distorting or erasing their ear’s access to 
frequencies known to be important for discriminating place of articulation, particularly in 
voiceless fricative and stop consonants.  
Because hearing loss in older populations often involves the high frequencies, it 
follows that these individuals may have difficulty distinguishing place of articulation for 
speech sounds located in those higher frequencies. In fact, there is empirical evidence for this 
in the literature. Dubno, Dirks, and Langhofer’s 1982 findings support the existence of a 
systematic relationship between individuals’ consonant confusion patterns and audiometric 
configuration. Their study reported that listeners with steeply sloping audiometric 
configurations (or high frequency hearing loss) performed consistently poorer on syllable 
recognition than listeners with gradually sloping or flat audiograms. These results indicate 
that even without the presence of aphasia, the impact of high frequency hearing loss alone 
has a detrimental effect on people’s speech perception. In this particular study, place of 
articulation errors were revealed to be the most frequent type of error made, regardless of the 
listener’s audiometric configuration, and overall performance was higher for consonants in 
the word-initial position rather than the word-final position (Dubno, Dirks, & Langhofer, 
1982). Boothroyd (1984) further confirmed the hearing loss-speech perception relationship in 
13 
 
a study of children with varying degrees of sensorineural hearing loss. He found that average 
performance on a speech perception task deteriorated with increasing hearing loss, and noted 
that performance on perceptual speech discrimination tests was significantly correlated with 
the intelligibility of the subjects’ own speech. 
Understanding speech in noise is particularly difficult for elderly listeners, and it has 
been suggested that not only the accuracy but also the nature of speech understanding 
evolves with age. Several researchers have indicated that auditory system dysfunction in the 
brainstem or auditory cortex may be present and independent of a potentially coexisting 
decline in cognitive skills and/or onset of presbycusis (Frisina & Frisina, 1997; Divenyi, 
Stark, & Haupt, 2005). Changes in speech understanding, although influenced by hearing 
sensitivity, are also known to include components separate from the presbycusic process. 
One such component is temporal processing, which suggests PWA might also have a 
harder time discriminating voicing in addition to place of articulation. Tremblay, Piskosz, 
and Souza (2003) discovered that older adults have more difficulty than younger listeners 
discriminating voice-onset contrasts. Thus, it is believed that aging and age-related hearing 
loss may alter temporal response properties in the central auditory system, leading to 
impaired temporal precision in the aging auditory function (Tremblay, Piskosz, & Souza, 
2002; Tremblay, Piskosz, & Souza, 2003). Tremblay et al. (2003) also concluded that the 
effects of aging on the ability to discriminate time-varying speech cues may be combined 
with a possible abnormal neural response pattern regulating excitatory and inhibitory 
processes. These factors may collectively contribute to the reduced speech understanding that 
many older adults experience.  
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Decreased processing of dynamic speech cues and decreased efficiency in both 
consonant and vowel perception have been found in older adults with relatively normal 
hearing, and it has been revealed that older listeners rely on the integration of secondary cues 
to a greater extent than younger or middle-aged listeners in perceiving place of articulation 
for stop consonants (Tun, McCoy, & Wingfield, 2009). Age-related reductions in processing 
speed in older adults are another factor to consider, as older adults may not be capable of 
processing auditory information as effortlessly as younger adults (Ohde & Abou-Khalil, 
2001). Due to an auditory dysfunction, many elderly individuals are forced to expend more 
effort to understand speech in naturalistic environments, and the reduced ability of people 
with presbycusis to do so might result from diminished auditory input in combination with 
distortion resulting from anatomical changes at the cortical level (Frisina & Frisina, 1997). 
Perhaps because of this, people with hearing loss frequently take advantage of supportive 
contexts to a greater extent than younger, normal-hearing subjects (Frisina & Frisina, 1997). 
This is likely because they have had years of experience coping with a gradual decrease in 
their hearing abilities, and implementing compensatory strategies as a result. The interaction 
between listening strategies and hearing acuity makes it particularly important to consider the 
roles of declining cognition and auditory processing in addition to peripheral hearing loss 
(Divenyi, Stark, & Haupt, 2005). 
Decreased hearing acuity can impact elderly adults’ level of cognitive functioning. 
For instance, retrieval of information such as a word list tends to be more difficult for older 
adults than for young adults, and extra effort at the sensory-perceptual level for adults with 
even a relatively mild hearing loss may have negative consequences for their recall of 
information-an effect that is often magnified with increased age (Tun, McCoy, & Wingfield, 
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2009). Hearing loss is known to exacerbate age-related memory deficits significantly, 
echoing reports that many older adults experience mental fatigue “associated with the 
constant perceptual and cognitive effort needed to maintain successful perception of speech 
input through the filter of reduced auditory acuity” (Tun et al., 2009, p765). This mental 
fatigue can also have a far-reaching impact on overall quality of life and communicative 
abilities of older adults. 
Notably, results of one study indicated that performance on discrimination of 
synthetic CV speech syllables was affected by aging and age-related hearing loss (Harkrider, 
Plyler, & Hedrick, 2006). As has been discussed, the aging process typically involves a 
gradual decline in cognitive processes, and frequently involves some extent of hearing loss. 
If linguistic problems are then acquired on top of this cognitive decline secondary to brain 
injury, the presence of a hearing loss is likely to exacerbate the deficits and cause an 
individual’s cognitive-linguistic impairment to appear greater than it actually is. It is 
important to understand that aging and age-related hearing loss may have unique and 
separate influences on neural function, and there is much to be gained from distinguishing 
the contributions of both components (Harkrider, Plyler, & Hedrick, 2006).   
Prevalence of Hearing Loss in Stroke Survivors Overlooked 
It is important to consider the impact of hearing loss for this study because it has the 
potential to affect both speech perception and production, even in the absence of an acquired 
language disorder such as aphasia. When difficulty with language components are combined 
with the hearing loss, an even greater deficit may be incorrectly attributed to cognitive 
aspects of communication rather than to an individual’s perceptual abilities. 
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Formby, Phillipe, & Thomas (1987) measured the pure-tone hearing thresholds of 
243 hemiplegic patients who had suffered a stroke and found that audiometric testing was not 
influenced by the severity of an aphasic impairment. They also found that the magnitude of 
hearing loss was not disproportionately greater for a given ear, nor associated with a given 
side of the body or brain after a stroke. Male stroke survivors did not appear to suffer 
disproportionately greater amounts of hearing loss than did men of similar age in the general 
population; however, only 6% of the stroke survivors had normal hearing sensitivity, with 
61.7% of stroke survivors having pure tone averages greater than 25 dB HL for their better 
ear (Formby, Phillipe, & Thomas, 1987). A pure tone average is the average hearing 
sensitivity in decibels of the thresholds for pure tones at 500, 1000, and 2000 Hz. In general, 
the pure-tone average is expected to approximate the speech reception threshold, and with the 
cutoff between normal hearing and a mild hearing loss being set at 25 dB, it is clear why 
having so many stroke survivors with average thresholds worse (higher) than 25dB in their 
better ears would be such a concern. The striking figures in the above study highlight how 
critically important it is to examine the impact of hearing loss in PWA, given how 
widespread presbycusis is reported to be among the population of older stroke survivors. 
Another interesting finding is that the incidence of hearing loss in stroke survivors 
has been found to be greater than that of the neurologically normal population (Agrawal, 
Platz, & Niparko, 2008; Gopinath, Schneider, Rochtchina, Leeder, & Mitchell 2009). 
Auditory processing may be affected by stroke (Hausler & Levine, 2000), and the underlying 
mechanism in most cases is the presence of cardiovascular disease causing degenerative 
changes that impair circulation in the cochlear capillaries, which in turn causes hearing loss 
(Torre, Cruickshanks, Klein, Klein, & Nondahl, 2005). A stroke affecting the anterior 
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inferior cerebellar artery or the basilar system may lead to impaired bloodflow to the cochlea 
which would have immediate and profound effects for the ipsilateral ear. In contrast, 
unilateral CVA’s affecting any of the cerebral arteries would not be expected to cause 
decreased hearing acuity due to the redundancy of auditory pathways (bilateral processing) at 
levels central to the cochlea (Hausler & Levine, 2000).  Although a left middle cerebral 
artery stroke could not be the cause of a sensorineural hearing loss, the risk of such a hearing 
loss might be increased in stroke survivors due to an increased prevalence of cerebrovascular 
disease associated with this population. A hearing loss may present itself any time prior to or 
after the stroke, and hearing changes reported subjectively in stroke survivors might be due 
to other higher-level (psychoacoustic) signal processing changes that are caused by the 
stroke.  
Unfortunately, the presence of hearing loss has been largely ignored, or inadequately 
identified, in past speech perception studies involving PWA. Although Miceli et al. (1978) 
recognized that presbycusis could interfere with subjects’ performance on their test of 
phoneme discrimination in CCVC syllables, they did not make any effort to screen their 
participants’ hearing before collecting data. Likewise, no mention of subjects’ hearing 
thresholds was made in Baker, Blumstein, and Goodglass’s 1981 study, and Blumstein et al. 
(1981) simply asked for their participants’ subjective report of themselves as having “no 
hearing difficulty or impairments.” Blumstein, Baker, and Goodglass (1977) did screen for 
“normal hearing in both ears for frequencies in the human speech range.” After determining 
thresholds for pure tones at 500, 1000, and 2000 Hz, they eliminated participants “whose 
speech reception thresholds indicated a 30dB mean loss.” With the cutoff for normal hearing 
being 25 dB or less, we cannot conclude that any of these studies effectively identified 
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normal hearing participants, since their efforts (if any) to exclude individuals with hearing 
loss were so vaguely described. It is possible that the results of such speech perception 
studies may be misleading given that it remains unclear to what extent hearing loss may have 
been present in the PWA studied. 
Hearing and Speech Perception in People with Aphasia 
 Although speech perception in PWA has been studied in some detail, the connection 
between speech perception and hearing has not been adequately addressed. As has been 
discussed, many earlier studies in this area of research did not specify the “normal hearing” 
criterion for their subjects, and several studies of PWA (Miceli et al., 1980; Gandour & 
Dardarananda, 1983; Gandour & Dardarananda, 1984) did not include hearing screenings as 
part of their participant selection process at all. This oversight could have major implications 
for the accuracy of their conclusions and the generalizability of their findings when one 
considers that it is likely a number of the subjects in their studies could have had high-
frequency hearing loss that the researchers were unaware of.  
The lack of research into the important role of hearing ability on speech perception of 
PWA is a main concern due to the widespread prevalence of presbycusis in older individuals, 
which comprise the largest subgroup of stroke survivors. Jauhiainen and Nuutila (1997) 
studied auditory perception of speech sounds in two groups of 12 brain-injured war veterans 
with flat and high-frequency hearing loss, and compared their performance to a group of 19 
patients with recent occlusions of the internal carotid artery or middle cerebral artery, as well 
as a group of 20 control, normal hearing subjects with no cerebral disorders. The subjects 
were asked to repeat 180 bisyllabic Finnish words used in clinical speech audiometry, which 
were presented monaurally (to the ear contralateral to their injured hemisphere) at a signal 
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level slightly above the speech reception threshold. While it is not clear whether the stimuli 
were recorded or synthesized, the researchers found that “the greatest loss in information 
transmission of phonemes is due to the loss of hearing at high frequencies rather than to 
cerebral damage causing aphasia” (p. 577), though they noted the cerebral damage seemed to 
distort auditory speech sound feature reception to a greater extent. The results may or may 
not be completely accurate, as the intensity level of the speech test varied from group to 
group, and the mean hearing level of the participants varied greatly. Since this study, no 
attempt has been made to investigate the implications for individuals who have high-
frequency hearing loss in addition to aphasia, which is precisely the situation many elderly 
stroke survivors are likely to find themselves in.  
Considering the relative importance of high frequency hearing loss revealed by 
Jauhiainen & Nuutila’s 1997 study, combined with the insight that is likely the interaction of 
various processes that is affected in aphasia, rather than a single impairment of a particular 
component (Martin et al., 1975), we propose an investigation into the frequently overlooked 
gap in the literature where the impact of hearing loss was not considered to be a significant 
factor in examining speech perception for PWA. 
  
 
 
Research Questions 
1. Is aphasia associated with better discrimination of stop consonant voicing than stop 
consonant place of articulation? 
Based on the results of past studies, we expect to find that PWA have greater difficulty 
discriminating place of articulation differences than voicing differences. 
2. Is high frequency hearing loss associated with better discrimination of stop consonant 
voicing than stop consonant place of articulation? 
This has been found to be true in studies of speech discrimination in neurologically normal 
individuals, and our study will be extending this question to PWA. 
3. Does high frequency hearing loss combined with aphasia deteriorate performance on 
speech discrimination tasks more than either condition in isolation? 
As both hearing loss and impaired language abilities increase attention demands and 
processing time for individuals, it will be helpful to know if the combined effects of both 
aphasia and hearing loss negatively impact individuals’ performance on a speech 
discrimination task more than having only one condition or the other.
  
 
 
Methods 
Participants 
11 individuals (5 men and 6 women) participated in this study. Participants with 
aphasia were recruited through the UNC Department of Allied Health Sciences Stroke 
Registry and from an aphasia support group at UNC Hospitals. Participants without aphasia 
were recruited via flyers posted throughout academic buildings in the School of Medicine, 
through word of mouth, and in some cases were the accompanying companion of a PWA 
who had volunteered to be tested. We included two PWA with high frequency hearing loss, 
three PWA with no hearing loss, three neurologically normal participants with high 
frequency hearing loss, and three neurologically normal participants with normal hearing. 
The age range of the participants with aphasia was 41-64 years (mean=51.0), and the ages of 
the neurologically normal participants ranged from 42 to 58 years (mean=50.7). A table of all 
participant demographics is included on the next page. 
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Table 1: Subject demographics 
Subject: PWA 1 
PWA 
2 
PWA 
5 
PWA   
3 
PWA 
4 
CS 
1 
CS 
5 
CS 
6 
CS 
2 
CS 
3 
CS 
4 
Age: 52 41 64 48 50 46 42 57 58 58 43 
Gender: F F M M M F F F M F M 
Hearing: + + + - - + + + - - - 
Thresholds: All <20 
All 
<25 
All 
<30 
4k+ Hz 
30-55 
4k+ Hz 
50-75 
All 
<30 
All 
<20 
All 
<20 
4k+ Hz 
50-65 
8k Hz 
40(L) 
4k Hz 
50-55 
Word Recognition:  
L 
R 
 
95% 
85% 
 
75% 
85% 
 
95% 
100% 
 
100% 
95% 
 
95% 
100% 
 
95% 
100% 
 
100% 
100% 
 
100% 
100% 
 
90% 
100% 
 
100% 
100% 
 
100% 
100% 
Post-CVA: 8:0 7:0 0:6 1:3 5:6 Hearing: + (normal) or – (hearing loss) 
Thresholds: in dB HL  
Post-CVA in years : months 
AQ=Aphasia Quotient from the WAB 
SS=spontaneous speech subtest on the WAB 
AVC=auditory verbal comprehension subtest on the WAB 
REP=repetition subtest on the WAB 
N&WF=naming & word finding subtest on the WAB 
Aphasia Type: A=Anomic 
B=Broca’s, C=Conduction 
AQ:  87.7 57.2 86 98 70.5 
WAB-SS 19 13 14 19 14 
WAB-AVC 7.75 5.4 10 10 7.75 
WAB-REP 8.7 4.5 9.9 10 6.5 
WAB-N&WF 8.4 5.7 9.1 10 7 
Aphasia Type: A B A A C 
Intelligibility: 94% 36% 94.5% 90.5% 87% 
 
All participants completed a thorough hearing evaluation supervised by a certified 
audiologist. The evaluation consisted of an otoscopic examination, tympanometry, air and 
bone conduction pure tone threshold testing, and word recognition. The cutoff for the 
“hearing impaired” groups was a 30dB or greater loss in at least one ear at any frequency, 
whereas the “normal hearing” groups had thresholds of less than 30dB for both ears across 
all frequencies. Participants’ audiograms can be found in appendix A. The standard format 
for audiologic word recognition assessment involves word repetition, but because many 
PWA have impaired ability to repeat speech, it is not a valid approach for this population. 
Therefore, an alternative protocol was designed to obtain a more accurate measurement of 
the PWA’s word recognition.  
The “Minimal Pair Discrimination Requiring Picture Selection” subtest from the 
auditory processing section of the PALPA (Kay, Lesser, & Coltheart, 1992) was adapted for 
a closed-set picture-pointing word recognition test. The stimuli (monosyllabic words with a 
CVC structure) were randomized and split into two balanced 20-item word lists based on 
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word complexity (Stoel-Gammon, 2010). Due to dialectical differences in British English, 
more common American words were substituted for three of the items, and one item (“cap”) 
was used twice, appearing once on each list.  
Table 2: Word lists used for the word recognition portion of the audiologic evaluation 
 
 
 
 
 
 
 
 
 
 
 
 
All stimuli were recorded by the investigator using the Audacity software (Audacity 
Team, 2011) and equalized to 70dB RMS using Praat (Boersma & Weenink, 2011). All 40 
words were recorded with the carrier phrase “show me…” The participants were instructed to 
match the word heard through headphones with a corresponding picture in an array of three 
drawings from the PALPA. An accompanying picture book depicting the target word and 
two distracter pictures representing phonologically related, minimally contrasted words was 
used. An administrator was seated in the sound booth with the participants during this portion 
of the audiologic evaluation to facilitate turning the pages of pictures, and to record their 
List A List B 
Head Sit 
Come Feed 
Hiss Sail 
Goal Pill 
Dip Bag 
Cap Fan 
Leaf Run 
Back Fawn 
Gown Fang 
Coat Cap 
Tongue Line 
Cub Robe 
Bead Bat 
Tack Pole 
Lane Rice 
Kit Lip 
Pail Bean 
Deck Cut 
Pig Bud 
Rope Nail 
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responses (see appendix B for score sheet used). One list was presented per ear, and the order 
of the recorded word lists was counterbalanced across participants. All stimuli were 
presented at 65-70dB HL. 
In addition to the full audiological evaluation, the participants with aphasia were 
administered a motor speech evaluation (Duffy, 2005), a single word intelligibility evaluation 
(Haley, 2008) scored by four listeners, the Revised Token Test (RTT; McNeil & Prescott, 
1947), and the Revised Western Aphasia Battery (WAB-R; Kertesz, 2007). 
Stimuli    
Four synthetic speech continua containing 7 stimuli each comprised the testing set. 
These stimuli were generated using an HLsyn synthesizer. Each stimulus consisted of a stop 
consonant burst, voice onset time of varying duration, and onset of voicing with formant 
transition onset varying in frequencies depending on the bilabial versus alveolar place of 
articulation, followed by steady-state formant frequencies appropriate to the vowel [a]. 
Critical parameters of the four continua and spectrograms of the endpoint stimuli can be 
found in appendices C and D. 
The stop consonants in our stimuli [p, t, b, d] may be contrasted in the 
presence/absence of voicing (/p, t/ are voiceless; /b, d/ are voiced) and in place of articulation 
(/p, b/ are bilabial; /t, d/ are alveolar). Each consonant was placed in the initial position of a 
CV (consonant-vowel) syllable, with the final vowel being constant across all stimuli. 
Stimulus items used for the test were varying representations of “pa,” “ta,” “ba,” and “da.” It 
is important to note that none of these syllables were intended to be confused with real 
words. Such non-word stimuli were intentionally chosen because the purpose of this study 
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was to focus purely on the discrimination of speech sounds by eliminating the interference of 
more complex semantic processing factors.  
Two continua were designed to have progressively lengthening voice onset times in 
10-millisecond increments, and two were designed to have increasing F2 onset frequencies. 
These continua were modeled after stimuli previously used by Blumstein et al. (1984). 
Different from real voice or recorded stimuli used in older studies, we decided to utilize 
synthetic stimuli in order to control the precision of VOT and formant frequencies, and 
eliminate any variability in the acoustic properties of the syllables presented to each 
participant. 
Procedure 
Participants were tested in a sound booth at the Center for Aphasia and Related 
Disorders on the UNC campus. They were seated facing a computer screen on which the 
Alvin program (Hillenbrand & Gayvert, 2005) ran the experiment, with the principal 
investigator seated on their left. A forced choice discrimination task was used to assess 
sublexical speech perception. Participants listened to pairs of the synthesized CV syllable 
forms through foam insert headphones in a sound booth, and indicated whether the initial 
sounds were the same or different by selecting a green check mark (if the stimuli were 
perceived to be the same) or a red X (if the stimuli were perceived to be different) on a 
computer screen.  
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Figure 1: Screen display for testing of speech discrimination. 
 
 
Prior to listening to the experimental stimuli, all participants passed a pretest to 
ensure understanding of the task. During this pretest, the examiner explained the task 
verbally for the neurologically normal participants, or nonverbally for the PWA by producing 
good prototypes of the stimulus pairs, and modeling the selection of a check or X on the 
computer screen to indicate whether the sounds were the same or different. Each participant 
then was required to select the difference or sameness correctly for at least 13 of 16 
synthesized end-point consonant pairs to be included in the study. When the subject met the 
pretest criterion, demonstrating understanding of the task and an ability to respond 
appropriately to the set of practice syllables, they were administered the full test set of 
syllable pairs. All participants passed the pre-determined criterion. However, some 
participants (CS1 and PWA1) required a longer training time than others, and did not meet 
the criterion until repeating the pretest a second time. 
Each stimulus was paired with itself and with the stimulus four steps away on the 
continuum so that many different combinations of CV syllables were used. Each pair of 
different stimuli appeared four times on each continuum, with the order of the stimuli 
reversed for two of the four presentations. Each pair of identical stimuli was presented once 
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or twice. The test set consisted of 112 randomly ordered couples of CV syllables of which 64 
were different and 48 were identical. The clusters of POA or VOT stimulus pairs from each 
continuum were presented separately in order to avoid poorer performance due to stimulus 
uncertainty. In a further effort to minimize the effects of stimuli uncertainty, participants 
were allowed to re-listen to stimulus pairs an unlimited number of times before selecting 
their response. Once recorded, however, the response could not be changed.  
The order of the stimulus pairs was randomized by the Alvin program (Hillenbrand & 
Gayvert, 2005), and the order of presentation for the voicing versus place of articulation 
continua was counterbalanced across participants. A 500 ms interval was inserted between 
each member of a test pair, and the Alvin program automatically presented the next test pair 
after a programmed 2000 ms delay when the participant’s response was recorded. 
Participants were tested alone in a sound-treated booth and offered breaks at multiple times 
(or whenever requested) throughout the test. The amount of time required to complete the 
speech perception portion of the testing was approximately 20 minutes. 
After recording all the participants’ responses, the ability of each of the four groups to 
perceive different sound features as evidenced by their ability to identify the sameness or 
difference among 4-step comparison syllable pairs was analyzed (looking at stimuli 1 and 5, 
2 and 6, 3 and 7 along each of the continua) to determine whether any difficulties in 
discriminating voicing and place of articulation occurred in each group. In addition to the 
four 4-step continua (bilabial VOT, alveolar VOT, voiced POA, and voiceless POA), a set of 
stimuli consisting only of the endpoints of the continua (7-step comparisons very much like 
the pretest) was also included. All stimuli were presented at 80 dB SPL. 
  
 
 
Results 
 Qualitative examination and descriptive data were used to examine the relationship 
among high frequency hearing loss, aphasia, and segmental speech perception on each of the 
five continua. The comparison of averages and standard deviations from the performances of 
the four groups are presented in table 3 below.  
Table 3: Group averages and standard deviations on the discrimination continua 
Continua: Endpoints VOT-bilabial 
VOT-
alveolar 
POA- 
voiced 
POA- 
voiceless 
People  
with  
aphasia  
(PWA) 
87.60% 
(SD=9.8%) 
93% 
(SD=8.3%) 
93% 
(SD=7.5%) 
72% 
(SD=12%) 
53% 
(SD=16%) 
PWA- 
 normal hearing 
83.33% 
(SD=9.5%) 
90% 
(SD=10%) 
93% 
(SD=7.6%) 
67% 
(SD=12.5%) 
60% 
(SD=18%) 
PWA- 
hearing loss 
94% 
(SD=8.4%) 
98% 
(SD=3.5%) 
93% 
(SD=10.6%) 
80% 
(SD=7%) 
43% 
(SD=3.5%) 
Neurologically 
normal 
participants 
(NNP) 
92% 
(SD=7.5%) 
90% 
(SD=12.6%) 
99% 
(SD=2%) 
81% 
(SD=17.7%) 
57% 
(SD=16.3%) 
NNP- 
normal hearing 
88% 
(SD=6.5%) 
83% 
(SD=16%) 
98% 
(SD=2.8%) 
85% 
(SD=10%) 
57% 
(SD=20.2%) 
NNP- 
hearing loss 
96% 
(SD=6.9%) 
97% 
(SD=2.8%) 
100% 
(SD=0%) 
77% 
(SD=25.1%) 
57% 
(SD=16%) 
 
Recall that our first two research questions were: 1) Is aphasia associated with worse 
discrimination of stop consonant place of articulation than stop consonant voicing, and; 2) Is 
high frequency hearing loss associated with worse discrimination of stop consonant place of 
articulation than stop consonant voicing? In examining the data presented in table 3, it 
becomes clear that the answer to both questions is yes, as both the participants with aphasia 
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and the participants with high frequency hearing loss performed well (90-99% accurate) on 
the voicing contrast continua, but had difficulty on the place of articulation continua (with 
accuracy dropping to 81% for the voiced stimuli, and as low as 53% for the voiceless 
stimuli). This discrepancy was especially evident in their difficulty perceiving the contrasts 
on the voiceless POA continuum, as illustrated in figures 2, 3, and 4.  
 
Figure 2: Comparison of the discrimination performance of the four groups 
 
Overall, the mean scores for the neurologically normal participants were somewhat 
higher than the mean scores for the participants with aphasia, suggesting that aphasia 
negatively affected an individual’s discrimination ability for all contrasts except for the 
bilabial VOT continuum (on which they performed slightly better than the neurologically 
normal participants, see figure 3).  
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Figure 3: Discrimination performance of the people with aphasia vs. control participants 
 
Interestingly, the participants with hearing loss actually performed just as well or 
better than the normal hearing participants on all continua except the voiceless POA contrasts 
(see figure 4). This finding was unexpected. In fact, we had anticipated quite the opposite 
based on the results of past studies demonstrating how hearing loss negatively affected 
individuals’ performance on speech discrimination tasks.  
Figure 4: Discrimination performance of the participants with hearing loss vs. participants with 
normal hearing 
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This brings us to our third research question: does high frequency hearing loss 
combined with aphasia deteriorate performance on speech discrimination tasks more than 
either condition in isolation? The results are somewhat mixed, and so our conclusions on this 
matter are tentative. It was clear that the voiceless POA contrasts were the most difficult for 
all participants to distinguish, regardless of whether they had normal hearing, hearing loss, or 
aphasia. However, discrimination ability was seen to drop quite a bit more if the individual 
had both aphasia AND hearing loss than if they had just one or the other. Nevertheless, while 
the participants with both aphasia and hearing loss performed the poorest out of any group on 
the voiceless POA continuum, they performed just as well, if not better than, the normal 
hearing PWA on discriminating all of the other contrasts, and even outperformed the control 
participants with normal hearing on the endpoints and bilabial VOT continuum. The extent of 
this fluctuation was another surprising finding, and may have been caused by a number of 
possible confounding variables that are explored in the discussion section. 
This study replicated previous findings in the literature indicating that both normal, 
non-brain damaged listeners and people with aphasia have greater difficulty distinguishing 
place than voicing of stop consonants, and went further in demonstrating that a difference 
existed in the performance of the participants with aphasia who had normal hearing and those 
who had hearing loss on the perception of voiceless place of articulation. This difference is 
likely due to the listener’s reduced access to high-frequency information contained in the 
voiceless speech sounds above 4,000 Hz. Although both aphasia and hearing loss affected 
performance on the speech discrimination task, it should be noted that some of the normal 
hearing control participants had just as much difficulty telling whether certain pairs of 
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syllables were the same or different (refer to appendix E for a detailed breakdown of 
individual participants’ performance on each of the continua). 
  
 
 
 
 
 
Discussion 
 
The results of this study were rather different from what was expected. Although the 
decreases in performance as a result of aphasia were somewhat anticipated, the equal or 
superior performance of the individuals with hearing loss relative to the normal hearing 
participants was surprising. The range of differences from subject to subject may have 
influenced the stability of the data on our group performance comparisons, and it is possible 
that the inclusion of CS3 in the hearing loss group (despite her having normal hearing except 
for the highest frequency in one ear) could have skewed that cluster of data in a positive 
direction.  
Another factor affecting participants’ performance may have been the stimuli we 
used. It did not appear that the same-different discrimination task itself was too difficult, as 
all the participants performed very well (achieved 80-100% accuracy) on both of the VOT 
continua and identifying “same” pairs, and there was only one participant (CS5) who was a 
notable outlier (65% accurate) on the bilabial VOT continuum. As nearly all participants had 
the most trouble with POA discrimination, perhaps the unnaturalness of the synthesized 
stimuli simply made it difficult for the normal controls to discriminate the POA contrasts. 
Pilot results of the discrimination task revealed that the voiceless POA stimulus 1-5 pairs and 
voiced POA 2-6 pairs were much less discriminable than the other pairs of stimuli. A whole 
spectrum analysis was undertaken to determine the overall spectral similarities and 
differences among the stimuli to explain the poor discriminability. 
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Table 4: Absolute differences between stimuli on long-term average spectra summed across 
frequency regions 
 
Compared Stimuli POA VOT  
 Voiced Voiceless Bilabial Alveolar  
1-5 69.20 17.20 112.26 84.71 0-40 
2-6 23.77 50.26 66.61 77.62 10-50 
3-7 63.78 60.05 69.19 66.08 20-60 
 
A fast fourier transform (FFT) analysis of each stimulus was performed, and the long 
term average (LTA) spectrum obtained with bandwidth of 10 Hz in the range of 0 to 5500 
Hz. Each stimulus pair was compared by taking the sum of squared differences of the 
spectral power for each frequency bin from the LTA analysis, representing an overall spectral 
difference between the stimulus pair. This analysis indicated that the voiceless POA 1-5 and 
voiced POA 2-6 stimulus pairs differed less between their comparison stimuli than the other 
stimulus pairs, with average spectral difference values of 17.2 dB and 23.77 dB (compared to 
values of 50.26 dB or more for all other stimulus pairs). Thus, the overall spectrum was more 
similar for voiceless stimulus1 and stimulus 5 and for voiced stimulus 2 and 6 on the POA 
continua than for any other stimulus pairs, thus clarifying why pilot participants had more 
difficulty discriminating these stimuli. Future stimuli used in similar studies should be 
designed so that they are acoustically different enough to be easier for the normal hearing 
control participants to discriminate.  
Another possible remedy may be raising the pre-test screening criterion that 
determines which participants are included in the study. We required only 13/16 correct 
responses to pairs of endpoints to be considered “passing” for this study, when perhaps a 
higher requirement should have been set using less-distinct stimuli than the endpoints. In 
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future discrimination studies comparing participants with hearing loss and/or aphasia to 
neurologically normal participants, the training period for listeners should be long enough to 
establish stable performance for control groups on ALL of the stimuli used in the study, not 
just the endpoints. This type of training would likely be the most efficient if it were focused 
on the more difficult discrimination pairs (in our case, the voiceless POA contrasts), since 
this is where a breakdown in the participants’ performance occurred, not with the response 
paradigm itself. 
 The difficulty the normal listeners had with the POA contrasts may have also been a 
result of their having differing sensitivity to certain acoustic cues. As other speech perception 
studies in neurologically normal listeners have found, some participants are simply unable to 
hear certain contrasts in synthetic speech. It may be that the listeners focus on features in the 
speech signal that are different from the ones the researchers are manipulating. These 
differences in focus may be related to varying test expectations, speech experiences, or 
diverse language backgrounds that inform their patterns of listening. In any case, the 
previously discussed studies of speech perception in non-aphasic listeners have shown that 
spectral shape is generally harder to discriminate than timing cues (Farrar et al., 1987; 
Hedrick & Nabelek, 2004), a finding that is replicated in our data by the trend of VOT 
perception being better than POA perception. 
The large amounts of individual variability that was noted amongst the participants 
enrolled in this study further emphasizes the importance of learning about a client’s unique 
hearing profile before beginning treatment to target speech/language or cognition. Just as no 
two brains are alike, no two people with hearing loss or aphasia will have the exact same 
profile or be affected identically by the same pattern of deficits. In this study we saw a range 
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of variability in the audiograms of the participants, ranging from borderline to profound 
hearing loss, and from gradual to steeply sloping profiles in the high frequency ranges. Some 
participants’ thresholds were the same in both ears, while others had differences between one 
ear and the other. Another area where a range of variability was seen was in the aphasia 
quotients obtained from the WAB-R. Individuals’ AQ scores ranged from 57.2 to 98, even 
though they all were classified as having anomic, conduction, or Broca’s aphasia. 
Given the widespread prevalence of presbycusis in the elderly population of stroke 
survivors, it is also important that clinicians are aware of the hearing status of their clients 
with aphasia before attributing their performance on speech and language testing to 
comprehension or cognitive deficits. If, for example, a clinician does not know that a client 
with aphasia has hearing loss, he or she may overestimate the client’s language impairment. 
Likewise, if an audiologist is not sensitive to the fact that their client has aphasia, they may 
misattribute poor performance on audiological testing to their hearing ability rather than their 
impaired language comprehension or expression. For this reason it is critical that clinicians 
collect a comprehensive case history and specifically identify a client’s hearing status, as 
well as the type and severity of their language disorder before beginning an evaluation and 
implementing a therapeutic treatment plan for an individual. Accuracy of medical records 
and interdisciplinary communication about patients’ history is another invaluable element in 
making sure that individuals with both aphasia and hearing loss are not misdiagnosed or 
provided with misguided treatments targeting the ‘wrong’ disorder.  
Because of the communication difficulties inherent in the population of PWA, 
alternative protocols for accurately evaluating and communicating information about their 
hearing ability should be developed for audiologists. During this study, it was observed that 
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some PWA had difficulty understanding information that was presented auditorily, and 
would have benefited from having access to visual or written information to supplement their 
auditory comprehension. The effectiveness of counseling these patients in an audiology clinic 
could be improved in important and substantial ways if a resource containing visual 
depictions of hearing-related information were provided and appropriately used to support 
interactions with the audiologist. For individuals with aphasia who have expressive language 
impairments as well, miscommunication or misunderstandings that occur during their 
attempts to convey their medical history could also be lessened with the help of pictures, 
nonlinguistic rating scales, and other visual aids.  
Nonlinguistic means of testing word recognition is an area of particular interest for 
this population, as not all PWA will be able to express themselves easily, or are able to repeat 
what they hear. Expanding and improving upon the experimental PALPA protocol used in 
this study may be one way to develop a better tool for evaluating the word recognition of 
PWA in the future. More words included in the word lists would allow for more flexibility in 
testing, and a number of the more confusing or ambiguous drawings could certainly be 
improved upon. It would also be helpful to get population norms on how PWA perform 
during this type of word recognition task in order to be able to compare their performance to 
non-aphasic listeners. 
 Although most normal hearing PWA discriminated all the words from the PALPA 
list, one did not. Thus, poor performance on this type of task may be seen in some people 
with aphasia. In the future, it would be important to determine which subgroup has the 
greatest difficulties with speech recognition testing, so that audiologists can be prepared to 
supplement or adapt the usual protocol for individuals with aphasia as necessary. In these 
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cases, changes in test scores rather than absolute values may be a more informative reflection 
of the individual’s hearing ability. 
 
Study Limitations 
The similarities and reversal of expected performance seen between the participants 
with hearing loss and those with normal hearing in the present investigation may be due to 
the fact that not all participants had large amounts of hearing loss, or were well-matched 
across groups. For instance, the participants with hearing loss were not matched as closely 
according to gender, age, and hearing configuration as they could have been. In almost all 
cases the control participants’ ages and hearing thresholds were different from the 
participants with aphasia, and not all of the normal hearing participants were perfectly 
matched either.   
Another major limitation of this study was the small number of participants we were 
able to include in each group. Because there were only three participants in each of the four 
groups, a variation in any one of the participants’ performance could result in a significant 
change for the group average. Ideally, more participants and better-matched control 
participants would have been recruited. Further research in this area will need to be 
conducted with a larger number of participants in order to distinguish more specifically the 
trends of mild, moderate, or severe manifestations of bilateral versus unilateral hearing loss 
in people with aphasia from the general interactions seen in this study. In this case, it is likely 
that examining the characteristics linked to intra-group differences may be just as informative 
as those seen by examining the inter-group differences. 
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A brief comment on the order of testing being different from subject to subject: some 
participants completed the speech perception testing before getting their hearing evaluated, 
while others received the hearing evaluation first, and completed the speech perception 
portion of the testing after. The reason that the latter situation may have affected participants’ 
performance was that the results of the audiological testing were shared with those 
participants prior to their completing the discrimination task, and the counseling they 
received from the audiologist regarding their hearing thresholds may have affected their 
attention to the experimental task either negatively or positively, or to second-guess 
themselves more than if that information had been withheld until all testing had been 
completed. Future studies should consider how awareness of the severity of one’s hearing 
loss could influence the participants’ responses differently than if they were asked to 
complete the same test sort of listening task without knowledge of the results of their hearing 
evaluation.  
A final critique of our sample would be that the PWA we were able to include in this 
study all had either Broca’s or anomic aphasia. Because individuals with Broca’s aphasia 
have been shown to have superior performance on discrimination and identification studies in 
the past, it would have been informative to have also recruited some participants with other 
types of aphasia, such as Wernicke’s or transcortical aphasias in order to look at the 
differences in performance within the group and between individuals who had aphasia. 
Future studies should aim to include more participants with a variety of fluent and non-fluent 
types of aphasia so that more specific differences in performance on speech perception tasks 
can be further investigated. 
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To conclude, comparison of group averages on the continua used in this study 
demonstrate that  the presence of aphasia combined with hearing loss may affect an 
individual’s ability to discriminate voiceless place of articulation differently than the 
presence of aphasia or hearing loss alone. Although the most puzzling aspect of our results 
was how the performance of individuals with hearing loss turned out to be surprisingly 
equivalent or slightly above the performance of listeners with normal hearing, this could have 
been a result of the small number of participants in each group and the amount of variability 
seen in participants’ individual performances. For this reason it is important to include 
individuals with hearing loss in studies of speech perception in aphasia, especially 
considering that the majority of people with aphasia are likely to have had some degree of 
high frequency hearing loss prior to their stroke. The generalizability of our specific findings 
is limited due to the small number of participants we were able to test-however, a number of 
ways for potentially improving this type of study in the future have been identified, and it is 
clear that more work remains to be done in furthering our understanding of how hearing loss 
and aphasia interact and influence participants’ performance on tasks of speech perception. 
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Appendix A: Participants’ Audiograms 
PWA1 
 
Otoscopic inspection: Normal  Tympanometry: Normal  
Word Recognition (PALPA protocol): Right-95% Left-85% 
 
PWA2 
 
Otoscopic inspection: Normal  Tympanometry: Normal  
Word Recognition (PALPA protocol): Right-85% Left-75% 
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PWA3 
 
Otoscopic inspection: Normal  Tympanometry: Normal  
Word Recognition (PALPA protocol): Right-95% Left-100% 
 
PWA4 
 
Otoscopic inspection: Normal  Tympanometry: Normal  
Word Recognition (PALPA protocol): Right-95% Left-100% 
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PWA5 
 
Otoscopic inspection: Normal  Tympanometry: Normal  
Word Recognition (PALPA protocol): Right-100% Left-95% 
 
CS1 
 
Otoscopic inspection: Normal  Tympanometry: Normal  
Word Recognition (PALPA protocol): Right-100% Left-95% 
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CS2 
 
Otoscopic inspection: Normal  Tympanometry: Normal  
Word Recognition (PALPA protocol): Right-100% Left-90% 
 
CS3 
 
Otoscopic inspection: Normal  Tympanometry: Normal  
Word Recognition (PALPA protocol): Right-100% Left-100% 
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CS4 
 
Otoscopic inspection: Normal  Tympanometry: Normal  
Word Recognition (PALPA protocol): Right-100% Left-100% 
 
CS5 
 
Otoscopic inspection: Normal  Tympanometry: Normal  
Word Recognition (PALPA protocol): Right-100% Left-100% 
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CS6 
 
Otoscopic inspection: Normal  Tympanometry: Normal  
Word Recognition (PALPA protocol): Right-100% Left-100% 
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Appendix B: PALPA Score Sheet 
PALPA Subtest 4- 
Minimal Pair Discrimination Requiring Picture Selection 
 
Instructions to Subject: You are going to hear a word in a phrase. Look at these three 
pictures, and point to the picture that matches the word you hear.  
 
(use the words “goat” and “hen” as practice items, prevent subject from lip reading) 
 
List A: show me… 
 
A1 2 37  head 1    2    3 
A2 2 13  come 1    2    3 
A3 3 40  hiss 1    2    3 
A4 3 30 goal 1    2    3 
A5 1 36  dip 1    2    3 
A6 2 11 cap 1    2    3 
A7 3 28  leaf 1    2    3 
A8 2 22  back 1    2    3 
A9 3 7  gown 1    2    3 
A10 2 23  coat 1    2    3 
A11 2 12  tongue1    2    3 
A12 2 18  cub 1    2    3 
A13 1 14  bead 1    2    3 
A14 1 17  tack 1    2    3 
A15 2 4  lane 1    2    3 
A16 2 27  kit 1    2    3 
A17 2 38  pail 1    2    3 
A18 2 20  deck 1    2    3 
A19 2 15  pig 1    2    3 
A20 2 16  rope 1    2    3 
 
# correct _____  /20 
 
____% 
 
*Columns:  
1--list and stimuli # 
2-word complexity  
3-PALPA picture # 
4-word 
5/6/7-answers (bold option=correct) 
 
List B: show me… 
 
B1 2 10  sit 1    2    3 
B2 2 39 feed 1    2    3 
B3 3 24  sail 1    2    3 
B4 2 8 pill 1    2    3 
B5 2 6  bag 1    2    3 
B6 2 1  fan 1    2    3 
B7 2 35  run 1    2    3 
B8 3 3  fawn  1    2    3 
B9 3 5  fang 1    2    3 
B10 2 2  cap 1    2    3 
B11 2 34  line 1    2    3 
B12 2 25  robe 1    2    3 
B13 1 26  bat 1    2    3 
B14 2 19  pole 1    2    3 
B15 3 29  rice 1    2    3 
B16 2 32  lip 1    2    3 
B17 1 31  bean 1    2    3 
B18 2 21  cut 1    2    3 
B19 1 9  bud 1    2    3 
B20 2 33  nail 1    2    3 
 
# correct _____  /20 
 
____% 
 
*PALPA word substitutions for pictures:  
#10-used “sit” instead of “pit” 
#11-used “cap” instead of “pack” 
#27-used “kit” instead of “tick” 
(“cap” used  twice-once on each list) 
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Appendix C: Critical Parameters and Explanation of the Stimuli 
Stimuli created and explained by Dr. Mark Hedrick  
 
Place of articulation-voiced contrast: ba-da
 
For ba: 
 
Time Area of lip 
constriction 
Area of 
blade 
constriction 
F2 
onset 
0 0 100 1100 
20 100 100 1100 
 
 
 
For da: 
 
Time Area of lip 
constriction 
Area of 
blade 
constriction 
F2 
onset 
0 100 0 1700 
20 100 100 Decr 
40 100 100 1100 
Place of articulation-voiceless contrast: pa-ta 
 
For pa: 
 
Time Area 
of 
glottis 
Area of lip 
constriction 
Area of 
blade 
constriction 
F2 
onset 
0 30 0 100 1100 
20 Decr 100 100 1100 
60 4 100 100 1100 
 
 
 
 
For ta: 
 
Time Area 
of 
glottis 
Area of lip 
constriction 
Area of 
blade 
constriction 
F2 
onset 
0 30 100 0 1700 
20 Decr 100 100 Decr 
40 Decr 100 100 1100 
60 4 100 100 1100 
Voice onset time-bilabial contrast: ba-pa 
 
For ba: 
 
Time Area of 
glottis 
F2 
onset 
0 4 900 
40 4 1100 
 
For pa: 
 
Time Area of 
glottis 
F2 
onset 
0 30 900 
40 decr 1100 
60 4 1100 
 
Voice onset time-alveolar contrast: da-ta 
 
For da: 
 
Time Area of 
glottis 
F2 
onset 
0 4 1700 
50 4 1100 
 
 
 
 
 
 
For ta: 
 
Time Area of 
glottis 
F2 
onset 
0 30 1700 
50 Decr 1100 
60 4 1100 
 Stimuli for the project were synthesized using the HLsyn.  This approach to synthesis 
uses the KLSYN88 synthesizer, first described in Klatt and Klatt (1990).  The KLSYN88 
synthesizer has about 40 parameters used to control speech production.  Because in actual 
speech production there are limits as to what combination of these parameters (and their 
values) that may actually occur, Stevens and Bickley (1991) suggested that there instead be 
only 10 parameters which can be manipulated.  These 10 parameters are more related to the 
actual vocal tract movement than are the lower-level 40 parameters listed by the KLSYN88 
synthesizer.  The HLsyn uses a mapping function to convert values in the 10 HL parameters 
to specific lower-level parameter values and combinations amongst the 40 parameters of the 
synthesizer.  Use of the HL parameters to construct the stimuli used in the current study are 
listed below. 
 For the place of articulation voiced contrast [ba-da], the critical HL parameters were 
F2 onset, area of lip constriction, and area of tongue blade constriction.  Across the 7 stimuli 
in this continuum, F2 onset frequency was varied in 100 Hz steps from 1100 Hz (typical for 
the labial [ba]) to 1700 Hz ( typical for the labial [da]).   The duration of the transition change 
was 40 ms.  The area of lip constriction parameter (al) is critical for obtaining a labial sound; 
thus the area of lip constriction was varied from 0 mm2  (simulates complete constriction of 
the lips for [ba]) to 100 mm2 (simulates no lip constriction for the [da]) across the 7 stimuli in 
the continuum.  The area of tongue blade constriction (ab) represents the cross-section of the 
constriction produced by the tongue for coronals.  The area of tongue blade constriction was 
varied from 100 (simulates no constriction coronally for [ba]) to 0 (simulates complete 
constriction coronally, vital for [da]).  Both al and ab were varied within the initial 20 ms of 
the syllable. 
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 For the place of articulation voiceless contrast [pa-ta], the critical HL parameters 
were al, ab, F2, and ag.  The area of glottal opening is the ag parameter, and is critical for 
obtaining voiceless consonants.  Thus, ag declinated from 30 mm2 (vital to produce a 
voiceless sound) to 4 mm2 (typical for a vowel or voiced sound) across the initial 60 ms of 
each stimulus in the continuum.  As with the voiced contrast listed above, ab varied from 0 to 
100 across the continuum, and al from 0 to 100.  Likewise, F2 onset varied from 1100 to 
1700 Hz.   
 For the voice onset time (VOT) alveolar contrast [da-ta], critical parameters were ag 
and F2.  The parameter ag this time varied from 30 to 4 across the continuum to simulate the 
change in voice onset time.  The parameter ag was varied along the initial 60 ms of the 
syllable.  Because the place of articulation for these stimuli was alveolar, the ab parameter 
was varied from 0 to 100 across the initial 25 ms of all the stimuli, and the F2 onset value 
was 1700 Hz for all stimuli, with the frequency value of the transition declinating from 1700 
to 1100 Hz in 40 ms. 
 For the voice onset time (VOT) labial contrast [ba-pa], the critical parameters again 
was ag, again varying from 30 to 4 across the continuum to simulate the change in voice 
onset time.  Because the place of articulation for these stimuli was labial, the F2 onset value 
was 900 Hz for all stimuli, and the al parameter was set to change from 0 to 100 across the 
first 20 ms for all the stimuli. 
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Appendix D: Spectrograms of Continua Endpoints 
 
/ba/ (voiced POA continuum and bilabial VOT continuum) 
 
/da/ (voiced POA continuum and alveolar VOT continuum) 
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/pa/ (voiceless POA continuum and bilabial VOT continuum) 
 
/ta/ (voiceless POA continuum and alveolar VOT continuum) 
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Appendix E: Individual Participants’ Data 
Individual Data of Control Participants 
Subject Training Endpoints 
POA 
voiced 
(b-d) 
POA 
voiceless 
(p-t) 
VOT 
bilabial 
(b-p) 
VOT 
alveolar 
(d-t) 
CS1 
11/16=69% 
Missed 
2/2 D pt  1&7 
1/2 D bd 1&7 
1/1 S bd 7&7 
1/2 D dt 7&1 
15/16=94% 
Missed 
1/2 D pt 7&1 
17/20=85% 
Missed 
2/4 D 7&3, 
1/4 D 2&6 
16/20=80% 
Missed 
2/4 D 1&5, 
1/4 D 7&3 
1/4 D 2&6 
19/20=95% 
Missed 
1/4 D 7&3 
20/20=100% 
CS2 
13/16=81% 
Missed 
2/2 D pt 1&7, 
1/2 D bd 1&7 
 
16/16=100% 20/20=100% 
15/20=75% 
Missed 
4/4 D 1&5, 
1/4 D 2&6 
19/20=95% 
Missed 
1/4 D 7&3 
20/20=100% 
CS3 
14/16=88% 
Missed 
2/2 D pt 1&7 
16/16=100% 
16/20=80% 
Missed 
2/4 D 7&3, 
2/4 D 6&2 
9/20=45% 
Missed 
4/4 D 3&7, 
4/4 D 6&2, 
3/4 D 1&5 
19/20=95% 
Missed 
1/4 D 1&5 
20/20=100% 
CS4 
14/16=88% 
Missed 
2/2 D pt 1&7 
14/16=88% 
Missed 
2/2 pt 1&7 
10/20=50% 
Missed 
4/4 D 1&5, 
3/4 D 6&2, 
3/4 D 7&3 
10/20=50% 
Missed 
4/4 D 1&5, 
3/4 D 2&6, 
3/4 D 3&7 
20/20=100% 20/20=100% 
CS5 
14/16=88% 
Missed 
2/2 D pt 1&7 
13/16=81% 
Missed 
2/2 D pt 1&7, 
1/1 S pt 7&7 
19/20=95% 
Missed 
1/4 D 3&7 
9/20=45% 
Missed 
4/4 D 3&7, 
4/4 D 1&5, 
3/4 D 2&6 
13/20=65% 
Missed 
2/4 D 2&6, 
2/4 D 3&7, 
1/2 S 4&4 
1/1 S 1&1, 2&2 
19/20=95% 
Missed 
1/1 S 7&7 
CS6 
13/16=81% 
Missed 
2/2 D pt 1&7, 
1/2 D bp 1&7 
14/16=88% 
Missed 
2/2 D pt 1&7 
15/20=75% 
Missed 
2/4 D 6&2, 
1/4 D 7&3, 
1/4 D 1&5, 
1/1 S 7&7 
9/20=45% 
Missed 
3/4 D 3&7, 
3/4 D 1&5, 
3/4 D 2&6, 
1/1 S 1&1, 2&2 
18/20=90% 
Missed 
1/4 D 1&5, 
1/2 S 4&4 
20/20=100% 
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Individual Data of Participants with Aphasia 
Subject Training Endpoints 
POA 
voiced 
(b-d) 
POA 
voiceless 
(p-t) 
VOT 
bilabial 
(b-p) 
VOT 
alveolar 
(d-t) 
PWA1 
10/16=63% 
Missed 
2/2 D pt 7&1, 
1/2 D bp 7&1, 
1/2 D bd 7&1, 
1/2 D dt 7&1, 
1/1 S pt 1&1 
15/16=94% 
Missed 
1/2 D pt 1&7 
11/20=55% 
Missed 
4/4 D 3&7, 
3/4 D 6&2, 
2/3 D 1&5 
15/20=75% 
Missed 
4/4 D 1&5, 
1/4 D 7&3 
18/20=90% 
Missed 
2/4 D 5&1 
19/20=95% 
Missed 
1/4 D 7&3 
PWA2 
13/16=81% 
Missed 
2/2 D pt 1&7, 
1/1 S bp 1&1 
13/16=81% 
Missed 
1/2 D pt 1&7, 
1/1 S dt 1&1, 
1/1 S bd 1&1 
16/20=80% 
Missed 
1/1 S 2&2, 3&3, 
6&6, 
1/4 D 2&6 
 
13/20=65% 
Missed 
3/4 D 1&5, 
2/4 D 2&6, 
1/4 D 3&7, 
1/2 S 4&4 
16/20=80% 
Missed 
2/4 D 2&6, 
1/4 D 7&3, 
1/4 D 1&5 
17/20=85% 
Missed 
1/4 D 5&1, 
1/4 D 7&3, 
1/1 S 1&1 
PWA3 
14/16=88% 
Missed 
2/2 D pt 1&7 
16/16=100% 
15/20=75% 
Missed 
3/4 D 2&6, 
2/4 D 3&7 
8/20=40% 
Missed 
4/4 D 1&5, 
4/4 D 2&6, 
4/4 D 3&7 
20/20=100% 20/20=100% 
PWA4 
14/16=88% 
Missed 
2/2 D pt 1&7 
14/16=88% 
Missed 
1/2 D pt 1&7, 
1/1 S bd 7&7 
17/20=85% 
Missed 
1/2 S 4&4, 
1/1 S 3&3, 
1/1 S 6&6 
9/20=45% 
Missed 
3/4 D 1&5, 
2/4 D 2&6, 
1/4 D 3&7, 
5/8 S pairs (1, 2, 
5, 6, & 7) 
19/20=95% 
Missed 
1/1 S 5&5 
17/20=85% 
Missed 
2/2 S 4&4, 
1/1 S 2&2 
PWA5 
13/16=81% 
Missed 
2/2 D pt 1&7, 
1/2 D bd 7&1 
12/16=75% 
Missed 
2/2 D pt 1&7, 
2/2 D bd 1&7 
13/20=65% 
Missed 
3/4 D 2&6, 
2/4 D 1&5, 
2/4 D 3&7 
 
8/20=40% 
Missed 
4/4 D 1&5, 
4/4 D 2&6, 
4/4 D 3&7 
20/20=100% 20/20=100% 
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Individual Data of Participants with Hearing Loss 
Subject Training Endpoints 
POA 
voiced 
(b-d) 
POA 
voiceless 
(p-t) 
VOT 
bilabial 
(b-p) 
VOT 
alveolar 
(d-t) 
CS2 
13/16=81% 
Missed 
2/2 D pt 1&7, 
1/2 D bd 1&7 
16/16=100% 20/20=100% 
15/20=75% 
Missed 
4/4 D 1&5, 
1/4 D 2&6 
19/20=95% 
Missed 
1/4 D 7&3 
20/20=100% 
CS3 
14/16=88% 
Missed 
2/2 D pt 1&7 
16/16=100% 
16/20=80% 
Missed 
2/4 D 7&3, 
2/4 D 6&2 
9/20=45% 
Missed 
4/4 D 3&7, 
4/4 D 6&2, 
3/4 D 1&5 
19/20=95% 
Missed 
1/4 D 1&5 
20/20=100% 
CS4 
14/16=88% 
Missed 
2/2 D pt 1&7 
14/16=88% 
Missed 
2/2 pt 1&7 
10/20=50% 
Missed 
4/4 D 1&5, 
3/4 D 6&2, 
3/4 D 7&3 
10/20=50% 
Missed 
4/4 D 1&5, 
3/4 D 2&6, 
3/4 D 3&7 
20/20=100% 20/20=100% 
PWA3 
14/16=88% 
Missed 
2/2 D pt 1&7 
16/16=100% 
15/20=75% 
Missed 
3/4 D 2&6, 
2/4 D 3&7 
8/20=40% 
Missed 
4/4 D 1&5, 
4/4 D 2&6, 
4/4 D 3&7 
20/20=100% 20/20=100% 
PWA4 
14/16=88% 
Missed 
2/2 D pt 1&7 
14/16=88% 
Missed 
1/2 D pt 1&7, 
1/1 S bd 7&7 
17/20=85% 
Missed 
1/2 S 4&4, 
1/1 S 3&3, 
1/1 S 6&6 
9/20=45% 
Missed 
3/4 D 1&5, 
2/4 D 2&6, 
1/4 D 3&7, 
5/8 S pairs 
(1, 2, 5, 6, & 7) 
19/20=95% 
Missed 
1/1 S 5&5 
17/20=85% 
Missed 
2/2 S 4&4, 
1/1 S 2&2 
56 
 
Individual Data of Participants with Normal Hearing 
Subject Training Endpoints 
POA 
voiced 
(b-d) 
POA 
voiceless 
(p-t) 
VOT 
bilabial 
(b-p) 
VOT 
alveolar 
(d-t) 
CS1 
11/16=69% 
Missed 
2/2 D pt  1&7 
1/2 D bd 1&7 
1/1 S bd 7&7 
1/2 D dt 7&1 
15/16=94% 
Missed 
1/2 D pt 7&1 
17/20=85% 
Missed 
2/4 D 7&3, 
1/4 D 2&6 
16/20=80% 
Missed 
2/4 D 1&5, 
1/4 D 7&3 
1/4 D 2&6 
19/20=95% 
Missed 
1/4 D 7&3 
20/20=100% 
CS5 
14/16=88% 
Missed 
2/2 D pt 1&7 
13/16=81% 
Missed 
2/2 D pt 1&7, 
1/1 S pt 7&7 
19/20=95% 
Missed 
1/4 D 3&7 
9/20=45% 
Missed 
4/4 D 3&7, 
4/4 D 1&5, 
3/4 D 2&6 
13/20=65% 
Missed 
2/4 D 2&6, 
2/4 D 3&7, 
1/2 S 4&4 
1/1 S 1&1, 2&2 
19/20=95% 
Missed 
1/1 S 7&7 
CS6 
13/16=81% 
Missed 
2/2 D pt 1&7, 
1/2 D bp 1&7 
14/16=88% 
Missed 
2/2 D pt 1&7 
15/20=75% 
Missed 
2/4 D 6&2, 
1/4 D 7&3, 
1/4 D 1&5, 
1/1 S 7&7 
9/20=45% 
Missed 
3/4 D 3&7, 
3/4 D 1&5, 
3/4 D 2&6, 
1/1 S 1&1, 2&2 
18/20=90% 
Missed 
1/4 D 1&5, 
1/2 S 4&4 
20/20=100% 
PWA1 
10/16=63% 
Missed 
2/2 D pt 7&1, 
1/2 D bp 7&1, 
1/2 D bd 7&1, 
1/2 D dt 7&1, 
1/1 S pt 1&1 
15/16=94% 
Missed 
1/2 D pt 1&7 
11/20=55% 
Missed 
4/4 D 3&7, 
3/4 D 6&2, 
2/3 D 1&5 
15/20=75% 
Missed 
4/4 D 1&5, 
1/4 D 7&3 
18/20=90% 
Missed 
2/4 D 5&1 
19/20=95% 
Missed 
1/4 D 7&3 
PWA2 
13/16=81% 
Missed 
2/2 D pt 1&7, 
1/1 S bp 1&1 
13/16=81% 
Missed 
1/2 D pt 1&7, 
1/1 S dt 1&1, 
1/1 S bd 1&1 
16/20=80% 
Missed 
1/1 S 2&2, 3&3, 
6&6, 
1/4 D 2&6 
 
13/20=65% 
Missed 
3/4 D 1&5, 
2/4 D 2&6, 
1/4 D 3&7, 
1/2 S 4&4 
16/20=80% 
Missed 
2/4 D 2&6, 
1/4 D 7&3, 
1/4 D 1&5 
17/20=85% 
Missed 
1/4 D 5&1, 
1/4 D 7&3, 
1/1 S 1&1 
PWA5 
13/16=81% 
Missed 
2/2 D pt 1&7, 
1/2 D bd 7&1 
12/16=75% 
Missed 
2/2 D pt 1&7, 
2/2 D bd 1&7 
13/20=65% 
Missed 
3/4 D 2&6, 
2/4 D 1&5, 
2/4 D 3&7 
8/20=40% 
Missed 
4/4 D 1&5, 
4/4 D 2&6, 
4/4 D 3&7 
20/20=100% 20/20=100% 
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